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Introduction 21
Cooperation between individuals is one of the most interesting biological phenomena. Several 22 mechanisms of cooperation have been proposed [1-4], but it is thought that kin selection is the main 23 mechanism driving the organization of societies [5] [6] [7] . This theory claims that the spreading of alleles 24 through one's own reproduction is equivalent to the spreading of alleles by related individuals [6, 8] .
25
The strength of kin selection is strongly influenced by relatedness -any help provided to another 26 individual is only beneficial if the cost of helping that individual is lower than the benefit of the help 27 received multiplied by the relatedness between the individuals [6, 9] . Another mechanism of 28 cooperation that has been postulated is based on reciprocity: the cost of helping is compensated by 29 the predicted future benefit [1, 3] . Alternatively, cooperation may be a by-product of selfish 30 behaviour [4] . Recently, the plausibility of group selection has been disputed -sacrificing individuals 31 for group benefit can exist as an adaptive feature [5, 10, 11] . 56 social, with obligate solitary nesting being a derived state [35] . Social nests of Ceratina contain a few 57 females, usually two but sometimes as many as four [36, 37] .
58
Until now, C. chalybea was thought to be a solitary bee [30] ; however, here we present the first 59 evidence of social nesting in this species. In contrast to most Ceratina bees, the females of this 60 species did not obligately guard their offspring until adulthood, rather females had two alternative 61 strategies -either guarding or abandoning the nest after provisioning of brood cells is finished [30] .
62
Clearly, mothers can only perform provisioning of young adults in guarded nests and only these nests 63 can develop into eusocial colonies. Here, we describe the social nests of C. chalybea. Moreover, we 64 tested relatednes between colony members. We try examine possible costs and benefits for 65 reproductive dominant and subordinate colony members. Preparation of nesting opportunities 76 We studied nests made in artificial nesting opportunities. The nesting opportunities were made from 77 cut twigs with pith, from the following plant species: Solidago canadensis, Helianthus tuberosus, or 78 Echinops sphaerocephalus. Twenty twigs were tied together into a sheaf and fixed to the ground with 79 a bamboo rod. We distributed more than 20,000 nesting opportunities (1000 sheaves) each year. In 80 2013 and 2015, we collected nests directly from the nesting opportunities. In 2017 and 2018, some 81 nests were collected directly from sheaves at nesting site and other nests were taken from original 82 sheaves and transport to study plot for observation. Nests were collected and dissected after the 83 observation period.
85
Nest dissection 86 We collected nests in the evening (after 19:00) to ensure that all inhabitants would be present inside 87 the nest. We stored nests in a fridge between collection and dissection. We opened nests using a 88 knife or clippers, and for each nest we recorded the presence of all adults and non-adult juveniles 89 (eggs, larvae and pupae). For adults, we noted sex and age (parental vs filial generation observed for the entire time by at least one observer but most of the time there were two observers 119 present. We marked foraging bees with an oil marker (Uni Paint) on the abdomen. We recorded the 120 departure and arrival of foraging bees and noted when adults only departed from a nest (did not 121 return) or newly arrived to a nest. It was necessary to cover the nest entrance with a transparent cup 122 after every arrival of a bee so that the subsequent departure could be observed, since departure is 123 usually very fast. This allowed us to verify whether the bee had been marked previously or if not, to 124 mark it. Nests were dissected after their observational day. We performed this experiment in 2017.
125
We successfully observed 4 social nests of C. chalybea per observational day. Two other nests were 126 observed for only a partial day, due to inclement weather conditions. 127 7 128
Analysis of relatedness between individuals in the nest

129
We previously developed microsatellites for C. nigrolabiata [38] , which we also used for the analyses 130 of C. chalybea. We used the Chelex protocol for DNA isolation. We isolated DNA from the whole body 131 of eggs and larvae, or the abdomen of pupae and adults. We added 4-8 μl proteinase K and 50 μl of 132 10% Chelex suspension in ddH 2 0 to dried samples. We mixed the suspension and heated it to 55°C 133 for 45 min, then to 97°C for 8 min in a thermocycler (BioRad). We centrifuged the samples and froze 134 the supernatant for further use. . 1 ).
229
We also found a difference in the number of brood cells provisioned. Social nests had significantly 230 fewer provisioned brood cells (linear model, F = 7.21 p = 0.0093, N = 67, Table 3 ). When we tested 231 nest reuse as an explanatory variable instead of sociality, the difference was also significant (linear 232 model, F = 5.25, p = 0.0253, N = 67); however, the model using sociality had a better AIC than the 233 model with nest reuse.
234
We also found a difference in the presence of empty cells. In almost all cases, brood cells were 235 separated by empty cells in solitary nests, but they were often adjacent in social nests. The
236
proportion of cells that were empty was significantly lower for social nests compared to solitary nests 237 (Binomial glm, deviance = 7.99, residual deviance = 27.73, p = 0.0047, N = 67, Table 3 ). When we 238 tested nest reuse as the explanatory variable instead of sociality, there was also a significant 239 difference (Binomial glm, deviance 5.97, residual deviance = 29.78, p = 0.0146, N = 67); however, the 240 model using sociality had a better AIC than the model with nest reuse. 241 242 Foraging activity in social nests 250 We recorded high foraging activity in social nests, which were observed for a full day (mean = 16.5 251 foraging trips for a day, range = 12-20, N = 4 nests). In all cases, only ole female performed regular 252 foraging activity. We also observed two additional nests per part of day. In one nest, foraging activity 253 was performed by reproductive female and in second nest no activity was recorded. We did not 254 observe any young adults performing foraging activity; however, we did note the emigration of 255 young adults who did not return to the nest (mean = 1.25 for a day and nest, range = 0-2, N = 4 256 nests). There was also one case of immigration by a young adult (observed entering the nest without 257 having previously departed). 292
Relatedness between young adult males and non-adult juveniles:
We tested the paternity of young 293 adult males using Colony software to determine their relatedness to the non-adult juvenile females.
294
This analysis showed that none of these offspring (N = 15) were fathered by any of the young adult 295 males. In all cases, the probability of paternity was less than 1%. 
369
Indirect fitness benefits only occur with non-zero relatedness between the donor and acceptor [6] .
370
However, we have shown that about half of the young adults are unrelated to the old female.
371
Moreover, previous work indicates that C. chalybea has a multiple mating strategy [38] , which is 372 unusual in simple hymenopteran societies [7] . Drifting individuals and multiple mating generate very 373 low relatedness between colony members. Half of the colony members, those that are unrelated, 374 cannot gain any indirect fitness benefit from helping. Furthermore, the other half of the colony 375 members, those that have non-zero relatedness to the colony's young adults, might only gain a small 376 indirect fitness benefit due to the lower productivity of social nests in comparison to solitary nests.
377
The possibility for nest inheritance is an important selection factor for the cooperation of unrelated 378 members in small insect societies [54] . Generally, in Xylocopinae bees, nest inheritance is probably a 379 very important driver [25, 56] . However, in the case of C. chalybea this cannot be an important factor 380 for the retention of sociality, because most of the young adults are male and nest-loyal biparental 381 behaviour is unknown in this species [38] . Additionally, as we did not observe any case of nest reuse 382 from the previous season, therefore we suppose that each female will build new nest next year. For 383 these reasons, we can exclude benefits from nest inheritance as a reason for sociality in the case of 384 Our observations support the view that benefits for subordinate colony members in small insect 455 societies are not, in many cases, primarily connected to inclusive fitness. It is possible for some 456 females to gain direct fitness benefits, as has been documented in some studies on Xylocopine bees 457 [25, 26] . However, in the case of C. chalybea, the main benefits are not in the possibility of nest 458 inheritance, but in the extended care of mature offspring. The old female provides pollen and nectar 459 to feed young adults, which helps them survive. The old female tolerates young adults in the nest, 460 because this can provide the benefit of increased nest protection. Therefore, our study supports the 461 importance of mutualistic interactions in the evolution of the early stages of sociality.
462
As costs to young adults are low, small benefits are sufficient for the maintenance of sociality. We 463 suppose that young adults mainly benefit from the food provided by the old female. Young adults 464 can help with protection against natural enemies; however, their primary motivation for this is 465 probably passive (self-defense). Although the observed society fulfills the definition of eusociality 466 proposed by [18, 24] ,the motivation for the behavior of colony members is mainly selfish. Therefore, 467 the society of C. chalybea is something between eusociality and a two-cohort maternal subsociality.
468
Unrelated young adults can be considered parasites, as they take food resources from the old female 469 Eusociality is ancestral state for all Xylocoinae bees with strict solitarity being a derived strategy [35] .
470
The unusual social organization of C. chalybea has some traits in common with typical Xylocopine 471 social organization, especially the presence of unrelated colony members [56,68] and passive 472 reproductively subordinate individuals [25, 51] ; however, in the quantity of these features, C.
473 chalybea is extreme, even among species of the subfamily Xylocopinae. Furthermore, C. chalybea 474 society is unique in its inclusion of male colony members.
475
Here, we have shown that eusociality in bees can be maintained even when the relatedness between 476 colony members is very low and indirect as well as direct fitness benefits (i.e. the possibility of nest 477 inheritance) play small roles. In this case, eusociality is supported by specific natural-history traits 478 (i.e. feeding pollen and nectar to mature offspring and nest reuse). Thus, our results show that good 479 knowledge of natural history is important for interpreting social evolution. 480 481 482
